It has become evident in recent years (1, 14. 15, 17, 18) that comparative immunological studies of specific enzymes can provide valuable information about the taxonomic and evolutionary structure of relatively large living groups. Such studies have been particularly extensive among the lactic acid bacteria (7, (10) (11) (12) . Analysis of immunological cross-reactivity of isofunctional enzymes of many different species by double diffusion shows that the strains tested can be assembled in groups that share an identical immunological specificity for each particular enzyme. However, since enzymes may evolve at different rates, it is not evident a priori that comparative immunological studies o f several different isofunctional enzymes synthesized by a given set of bacterial strains will permit assignment of these strains to the same groups of identical immunological specificity. To examine this question, we have conducted a comparative study of two enzymes: the D-lactate dehydrogenase (D-LDH, EC 1 . l a 1.28) and the glucose-6-phosphate dehydrogenase (G-6-P-DH, EC 1.1.1.49) of the genus Leuconostoc. Antisera prepared against enzymes isolated from a single strain of Leuconostoc Zactis (NCDO 546) were employed. This strain was chosen as an immunological reference point because cross-reactions between its D-LDH and antisera directed against the DLDHs of three Lactobacillus species had been observed previously (7) .
MATERIAL AND METHODS
Bacterial strains and growth media. The bacterial strains used are listed in Table 1 . Cultures of most strains were grown in 2-liter Fernbach flasks containing 500 ml of MRS medium (2), aerated by shaking in air at 30 C, and the cells were harvested by centrifugation a t the end of the exponential phase. To obtain adequate cell yields of Leuconostoc oenos strains, the MRS medium was prepared with ribose (10 ghiter) in place of glucose and adjusted with lactic acid to pH 5; the cultures were incubated at 30 C for 2 to 3 days without shaking in 750-ml Erlenmeyer flasks containing 500 ml of medium. Assays of D-LDH and G-6-P-DH were performed by previously described methods (9) . The two enzymes were separated and purified from L. lactis NCDO 546 as previously described (9) .
Immunological procedures. Ant isera directed against the pure D-LDH and G-6-P-DH of L. lactis NCDO 546 were prepared in male New Zealand white rabbits; two rabbits were immunized with each enzyme. The immunization schedule began with four intradermal injections over a 4-week period. Each injection consisted of 80 pg of enzyme and 50 pg of methylated bovine serum albumin (13) in a volume of 0.25 ml, mixed with an equal volume of complete Freund adjuvant (Difco). Ten days after the last intradermal injection, each animal received an intravenous injection of 200 pg of enzyme and 150 pg of methylated bovine serum albumin in l ml of physiological saline (pH 7). The rabbits were bled 10 days after this injection, and the sera were pooled and stored at 4 C in the presence of NaN, (0.04% ducted by the method of Grabar and Williams (8) using agarose gel in barbital buffer, pH 8.2.
Immunodiffusion tests were performed as described by Gasser and Gasser (71, using undiluted antisera (30 pliters for anti-D-LDH and 60 pliters for anti-G-6-P-DH) in the inner well. The outer wells received a quantity of crude extract containing about 0.5 unit of enzymatic activity. Analysis and presentation of the results were made as proposed by Gasser and Gasser (7).
RESULTS
Upon electrophoresis, the pure D-LDH and G-6-P-DH preparations each yielded a single spot of activity revealed by the method of Fine and Costello (3), and these were located opposite a single precipitin line when their respective antisera were placed in a lateral channel. A crude extract of L. lactis NCDO 546 also yielded a single precipitin line when tested by immunoelectrophoresis with each antiserum (Fig. 1) . There was no detectable cross-reactivity between the two enzymes.
Double diffusion experiments showed that extracts of all the strains of Leuconostoc listed in Table 1 cross-react with the anti-D-LDH, except strains NCDO 955 and CIP 54169. No D-LDH activity could be detected in crude extracts of these strains. We may note that the same extracts produced a line of precipitate against serum anti-G-6-P-DH.
The cross-reactions observed with the anti-D-LDH permit a division of the Leuconostoc strains examined into seven groups of identical specificity ( Table 2) . The homologous group A comprised all strains of L. lactis; when crude extracts of these strains were placed in two adjacent wells in an Ouchterlony plate, their precipitin lines fused without a spur. Extracts of all the other strains were heterologous, since they gave a spur against the extracts of any strain of group A, including NCDO 546. The heterologous strains were divided into six groups of identical specificity-B, C , D, E , F, G. The polarity of the spurs obtained between extracts of strains belonging to different groups of identical specificity is shown in Fig. 2 and reveals the following order of decreasing similarity of the D-LDHs with respect to the homolo- Tests with the anti-G-6-P-DH showed that extracts of all the strains listed in Table 1 cross-reacted except strains of L. oenos and of the lactobacilli. The failure of extracts of L. oenos to give detectable cross-reactions may have been caused by the low activity of G-6-P-DH in the cells which were grown with ribose rather than glucose as a fermentable substrate.
With respect to this antiserum, the strains of Leuconostoc fell into six groups of identical specificity: a homologous group a which produces a continuous precipitin line with Leuconostoc lactis NCDO 546; and five heterologous groups b , c, d , e, and f ( Table 2) .
The polarity of the spurs obtained between extracts of the different groups of identical specificity (Fig. 3) reveals the following order of
As shown in Table 2 , the groups of Leuconostoc strains of identical specificity for D-LDH and for G-6-P-DH coincide with the exception of one strain, NCDO 768, which belongs to group E (D-LDH) and to group d (G-6-P-DH).
DISCUSSION
The remarkably close correlations between the immunological groupings obtained with antisera directed against D-LDH and against G-6-P-DH suggest that these two enzymes have undergone closely linked evolutionary changes within the genus Leuconostoc. Somewhat less detailed evidence which indicated linked evolutionary changes with respect to the D-and L-specific lactate dehydrogenases and the aldolase of lactic acid bacteria have been previously reported (7, 10) .
Thus, the comparative immunological study of additional enzymes has strengthened rather than weakened the conclusions concerning evolutionary relationships among the lactic acid bacteria that were originally proposed mainly from the study of D-LDH and L-LDH among lactobacilli. It should be noted that all of the enzymes of lactic acid bacteria so far studied with respect to their immunological properties are ones that play central roles in the energyyielding metabolism of this microbial group and are therefore probably subject to severe evolutionary constraints.
In Table 2 the phenospecies of Leuconostoc which were proposed by Garvie Dd might be considered members of a single genospecies-"bacteria that are phenotypically heterogeneous but genetically related by virtue of descent from a common ancestor" (16) . The manifest phenotypic differences among them would reflect differences with respect to a certain portion of the genome; such genetic divergence might have arisen either through acquisition by some representatives of additional exogenous genetic material, or by a loss of certain genetic functions as a result of environmental adaptation. It should be noted that some of the striking phenotypic differences within group Dd that were revealed by Garvie are clearly correlated with differences in habitat. For example, L. crernoris, found only in milk and milk products, ferments only lactose and its constituent monosaccharides, while L. mesenteroides, a species of much wider and more varied natural distribution, has much wider fermentative abilities.
